AC4CH casting alloys were subjected to the 2-step preheating and the ECAP processing at room temperature. Microstructure change was investigated in terms of size and globularity of the eutectic Si particles and hardness of the primary and the eutectic -Al. The effects of 2-step preheating, ECAP processing and standard T6 heat treatment on the hardness and the tensile properties were also investigated. The results of this study are as follows. The ECAP formability was significantly improved by the optimum 2-step preheating (1st-step preheating at 560 C and 2nd-step preheating at 350 C). More than 12-times ECAP pressing (equivalent strain of about 5.6) could be made without cracking. The hardness distribution in the primary -Al suggested that the accumulated plastic strain during the ECAP processing increased gradually toward the eutectic cell regions. The hardness measurement also showed that the accumulated plastic strain of the eutectic -Al around less-globular Si particles was higher than that around globular Si particles. Concentration of the plastic strain may promote cracking in the eutectic cell regions and deteriorate the ECAP formability. Successive processing by the 2-step preheating, the ECAP processing and the standard T6 heat treatment brought about globularity and homogeneous distribution of the eutectic Si particles. During the tensile deformation, these microstructural features might lead to homogeneous distribution of the plastic strain, suppressions of the cracking of Si particles and the delamination between the Si particle and the matrix. As a result, the 0.2% proof stress and the fracture strain increased about 11% and 47% respectively compared with those of the standard T6 treated sample.
Introduction
An AC4CH casting alloy is one of the most widely used commercial Al-Si-Mg casting materials in the aerospace and automotive industries due to properties of good castability and high strength. The ordinary microstructure of an AC4CH alloy consists of a primary -Al dendritic structure, a network structure of eutectic cell regions, inhomogeneously distributed intermetallic compounds, and so on. These microstructural features as well as the precipitation state in the matrix have a considerable influence on mechanical properties. [1] [2] [3] [4] [5] [6] [7] [8] Many studies have indicated that the refinement and homogenization of the microstructures are effective for achieving good mechanical properties, such as ductility and toughness. 9, 10) Severe Plastic Deformation (SPD) processes such as high-pressure torsion (HPT), [11] [12] [13] accumulative roll bonding (ARB), 14, 15) equal-channel angular pressing (ECAP), 16, 17) and friction stir processing (FSP) 18, 19) have been developed as new solid-state processing techniques for microstructural modification. SPD processes lead to the significant refinement of grains, 20) the reduction of micropores, 9) and, particularly, the homogeneous distribution of the Si particles in the aluminum matrix. 9, 21, 22) Consequently, these microstructural changes result in the significant improvement of mechanical properties. Ma et al. [23] [24] [25] [26] studied the influence of ECAP processing on the tensile properties and impact toughness of Al-Si casting alloys. The results indicated that the ductility and the impact toughness were significantly improved by ECAP processing because of the refinement of the primary -Al and the homogeneous distribution of the eutectic Si particles. The ECAP processing performed by Ma et al. was conducted at high temperatures in order to accumulate sufficient plastic strain in the sample without cracks. However, a complicated operation using a heater-equipped ECAP die is required.
In our previous investigation of AC4CH alloys, 27 ) the effects of the microstructures on the ECAP formability at room temperature were examined in order to overcome many of the difficulties related to ECAP processing at high temperatures, such as temperature control and friction between the specimen and die. The ECAP formability at room temperature was significantly improved by specimen preheating at around 350 C. 27) The reduction in the primary -Al hardness due to preheating was effective in accumulating a large plastic strain in the test piece. The eutectic cell regions played an important role for nucleation and propagation of the cracks during ECAP processing. The preheating treatment brought about not only the hardness change in the primary -Al, but also a morphological change of the eutectic Si particles. This made it difficult to separately discuss the effects of these two microstructural features on the ECAP formability. In this study, therefore, more detailed examinations were carried out that focused on the effects of the eutectic Si particles on the ECAP formability: the morphological change in the eutectic Si particles during twostep preheating was evaluated, as well as the subsequent effect of this morphology change on the work hardening behaviors in the eutectic -Al and the primary -Al. Finally, after the two-step preheating, ECAP processing, and standard T6 heat treatment, the samples were subjected to tensile testing.
Experimental Details
An AC4CH aluminum casting alloy ingot with standard chemical composition (mass%) of 7.16% Si-0.31% Mg-* Graduate Student, University of Yamanashi 0.09% Fe-0.02% Zn-0.11% Ti-72 ppm Sr-bal. Al was used in this study. Before the casting, strontium was added to the melt to modify the eutectic Si particles. The melt at 700 C was poured into a JIS standard-type permanent mould held at about 150 C under atmospheric pressure. Before the ECAP process, the test piece was preheated to obtain various microstructures. The heat treatment procedures are shown in Fig. 1 . The first preheating step, which ranged from 350 C to 575 C for 1.8 ks, was intended to change the eutectic Si particle morphology. The second preheating step, at 350 C for 1.8 ks, which corresponded to an over-aging treatment, was intended to arrive at the same hardness value for the primary -Al cells regardless of the conditions corresponding to the first preheating step.
The morphological change of the eutectic Si particles was quantitatively evaluated in terms of a cross-sectional area and a globular coefficient using an image analyzer. The globular coefficient is the ratio of the cross-sectional area of the measured Si particle to that of an ideal particle. The ideal particle has a perfectly round shape and its diameter is equivalent to the major axis of the measured Si particle. Therefore, when the measured Si particle has a perfectly round shape, the globular coefficient will be 1. After the twostep preheating, the test pieces were naturally aged for about 48 h and then subjected to either ECAP processing or hardness measurement.
The Vickers microhardness test examines the influence of the eutectic Si particles on work-hardening behaviors during the ECAP processing. For the primary -Al, the indentation load was 25 gf and the mean hardness value (HV) was determined as an average of ten different measurements. However, 0.5 gf was chosen for the eutectic -Al around the eutectic Si particles and for the hardness distribution in the primary -Al. The hardness distribution measurements were made along the major and minor directions of the primary -Al cells.
An ECAP test piece (40 mm Â 15 mm Â 5 mm) was machined from the ingot as shown in Fig. 2(a) . After the two-step preheating and natural aging, ECAP was conducted using a die with a channel angle of 135 ( ¼ 13 ) at room temperature. The processing route was equivalent to that of Route A described by Horita et al. (Fig. 2(b) ). 16) Grease containing fine particles of MoS 2 was used to reduce the frictional force between the test piece and the die. The equivalent strain induced by a single pass through the ECAP press was estimated at about 0.47 using the following equation:
Here, N is the number of the ECAP passes. The tensile test pieces (gauge length: 9.8 mm; width: 3 mm; and thickness: 2 mm) conforming to JIS-7 standards were prepared from the ECAP-processed samples as shown in Fig. 2(a) . In this case, the first preheating treatment step was carried out at 560 C for 1.8 ks. Both the as-cast and the ECAP-processed samples were subjected to a standard T6 heat treatment (solution-treated at 535 C for 8 h, water quenched, and then artificially aged at 170 C for 7 h). The heat treatment conditions of the tensile test specimens are summarized in Fig. 3 . Tensile tests were carried out at room temperature at an initial strain rate of 8:5 Â 10 À4 s À1 using an Instron-type testing machine. Figure 4 shows the HV value as a function of the temperature in the first preheating step. The samples subjected to the first step of preheating below 470 C showed a marked decrease in hardness compared to that of the as-cast specimen (about 56 HV). This decrease in hardness may be due to the coarsening of the precipitates, such as the 0 -and -phases. On the other hand, the hardness increased for treatments above 530
Results and Discussion

Effect of the two-step preheating treatment on microstructural features
C. This increase in hardness may be caused by an increase in solid-solution atoms such as silicon and magnesium. Thus, we consider that the first preheating steps below 470 C correspond to the over-aging treatment, whereas those above 530 C are equivalent to solution treatment. The second preheating step, at a standard overaging treatment condition of 350 C for 1.8 ks, brought about almost the same hardness value of about 35-42 HV, regardless of the temperature in the first preheating step. The second preheating treatment step may promote the coarsening of precipitates and the decrease in hardness, especially for the samples preheated at a first step temperature above 530 C. Because the eutectic Si particle morphology is affected by the first preheating treatment rather than the second preheating step, optical micrographs of the test pieces were obtained after the first step (Fig. 5) . The as-cast sample mainly consisted of primary -Al dendrites and inter-dendritic eutectic Si particles. The eutectic Si particles preheated at first step temperatures below 470 C showed little morphological change. In contrast, for samples preheated above 530 C, the eutectic Si particles were clearly coarsened and became globular. In particular, a remarkable growth of the eutectic Si particles with a polygonal shape was found at 575 C. The morphological change of the eutectic Si particles is summarized in Fig. 6 . The mean cross-sectional area increased exponentially from 0.8 mm 2 for the as-cast sample to 6.4 mm 2 for the first-step-preheated sample at 575 C. The mean globular coefficient increased continuously with temperature. However, a slight decrease was found at 575 C. The two-step-preheated test pieces were examined to separate the effect, relative to the ECAP formability, of the eutectic Si particles from that of the hardness of the primary -Al. These results are discussed in the following section.
Effect of the two-step preheating treatment on
ECAP formability at room temperature The effects on the ECAP formability of temperature variations in the first step of the two-stage preheating treatment are summarized in Table 1 . The symbols shown in Table 1 represent the cracking state in the test piece on the basis of the criterion defined in the previous report: 27) : no cracks; : a crack in the front section of the test piece; and : many cracks all over the inner side surface of the ECAP channel angle. The ECAP formability could be significantly improved by the two-stage preheating treatment. The number of processing repetitions without causing a noticeable crack increased with the temperature of the first Effect of Eutectic Si Particle Morphology on ECAP Formabilitypreheating step, reaching peak value (more than 12 presses, corresponding to the equivalent strain of about 5.6) at 560 C. However, the reprocessing number declined again at 575 C. Figure 7 depicts the macrographs showing the cracking state during the ECAP processing for the test pieces preheated at 350 C and 560 C. Regardless of the temperature, the cracking features were almost the same; the cracks formed in the inner side of the ECAP channel at the front section of the test piece and propagated toward the outer side. In the previous study, 27) it was observed that many cracks generated and propagated preferentially at the eutectic cell regions. This suggests that the eutectic Si particles play an important rule on the generation and propagation of the cracks. As shown in Table 1 , there was the significant difference in the ECAP formability between the first preheating steps at 530 C and 560 C, so the following investigation focused on these samples.
The globular coefficient (G) and the cross-sectional area (A) of eutectic Si particles are plotted in Fig. 8 for first step samples preheated at 530 C and 560 C. The 530 C sample consisted of large amounts of eutectic Si particles with sizes of A < 4 mm 2 and globular coefficients of 0:6 < G < 1:0, and small amounts of Si particles with 4 mm 2 < A < 10 mm 2 and G < 0:6. In contrast, for the first step sample preheated at 560 C, the total number of particles was decreased, and a significant coarsening and a slight increase in globularity were observed. Harada et al. 28) pointed out that tear toughness was improved with an increase in the mean inter-particle distance of the eutectic Si particles. Since the mean inter- Table 1 Effect of the temperature at the first step of preheating on ECAP formability.
Number particle distance of the eutectic Si particles increases with the temperature at the first step of preheating, the generation and propagation of the cracks is considered to be suppressed after first preheating step at 560 C. This may result in the improvement of the ECAP formability. The number of eutectic Si particles with the globular coefficient of G < 0:6 decreased markedly for the first step preheated sample at 560 C. The eutectic Si particles with less-globular shape are thought to assist crack generation and propagation in the eutectic cell regions. This may be another reason for the improvement of the ECAP formability for the first step preheated sample at 560 C. In order to investigate the effect of the eutectic Si particle morphology on the ECAP formability, work-hardening behaviors were examined both in the primary -Al and the eutectic -Al. The hardness in the primary -Al was measured for the test pieces with and without the ECAP processing. Figure 9 depicts an example of an optical micrograph showing the hardness measurement location in the primary -Al. Hardness measurements were performed for the primary -Al cells whose shortest axis was about 30 mm. In this case, the indentation size was about 4 mm. Hardness distributions before and after the ECAP processing are summarized in Fig. 10 . The hardness before the ECAP was almost the same (51 HV) regardless of the location in the primary -Al cells. This suggests that the presence of the eutectic Si particles does not influence the hardness value near the Si particles. The hardness of samples processed by ECAP three times increased from 51 HV to about 70 HV because of work hardening during the ECAP processing. In addition, the hardness in both directions increased gradually toward the eutectic cell regions. These hardness distributions suggest that the magnitude of the work hardening varies in relation to location in the primary -Al. This additional increase in hardness at the outer periphery of the primary -Al implies that large amounts of plastic strain accumulate at that location during the ECAP processing. Consequently, the eutectic Si particles may lead to this inhomogeneous distribution of accumulated plastic strain.
The hardness at the eutectic -Al around the eutectic Si particles was also measured to examine the influence of the eutectic Si particle morphology on the plastic strain distribution during the ECAP processing. The hardness values before and after the ECAP processing are summarized in Fig. 11 . Since the hardness values before the ECAP processing are almost the same regardless of the location of the hardness measurement, the presence of the eutectic Si particles does not affect the hardness value. After the ECAP, the hardness increased markedly regardless of the temperature of the first preheating step. The hardness of the eutectic -Al was higher than that of the primary -Al. In addition, it is obvious that the increase in hardness at the eutecticAl around the less-globular Si particles is higher than that around the globular Si particles. This hardness difference suggests that the amounts of plastic strain accumulated 20μ m Fig. 9 An example of optical micrographs showing hardness measurement in primary -Al. Hardness measurement with an indentation load of 0.5 gf was conducted along major and minor directions of primary -Al cell. Fig. 10 Effect of ECAP processing on hardness distribution in primaryAl. Before ECAP press, the test pieces were subjected to two-step preheating (first step of preheating at 560 C and second step of preheating at 350 C). The ECAP press was repeated three times. Fig. 11 Relationship between eutectic Si particle morphology and increase in hardness during ECAP processing. Hardness measurement with an indentation load of 0.5 gf was conducted at the center of the primary -Al and at eutectic -Al around eutectic Si particles having a globular or lessglobular shape. ECAP press was repeated three times for the test pieces after two-step preheating treatment (first step preheating at 530 C or 560 C).
during the ECAP processing are affected by the eutectic Si particle morphology. This concentration of accumulated plastic strain is considered to promote the cracking of the eutectic Si particles and the delamination between the Si particles and the aluminum matrix. As a result, many cracks may generate and propagate preferentially in the eutectic cell regions, especially around the Si particles with less-globular shapes. The better ECAP formability of the first step preheated sample at 560 C compared to that at 530 C may result from the decrease in the eutectic Si particles with lessglobular shapes (see Figs. 6 and 8 ).
3.3 Effect of the heat treatment and the ECAP processing on tensile properties After the two-step preheating treatment, the test pieces were pressed 10 times during the ECAP processing. 29) Optical micrographs showing the microstructures of the tensile test pieces are depicted in Fig. 12 . Symbols such as and indicate the serial number of the test pieces for the tensile tests and the microstructural observations (see Fig. 3 ). The two-step preheating or the standard T6 treatment (samples and ) brought about obvious coarsening and increased globularity of the eutectic Si particles. However, little morphological difference in the eutectic Si particles was observed for these two kinds of heat treatments. After the ECAP processing (sample ), the eutectic Si particles aligned along the ECAP press direction and were slightly refined; the generation of cracks was not observed. The T6 treatment following the ECAP processing resulted in the coarsening and increased globularity of the eutectic Si particles (sample ), which were nearly equivalent to that of sample . However, a more homogeneous distribution of the eutectic Si particles was observed for sample compared to that of sample .
The effects of the two-step preheating treatment, the ECAP processing, and the standard T6 heat treatment on the stressstrain curves of the tensile test are shown in Fig. 13 . The 0.2% proof stress, tensile strength, uniform strain, and fracture strain are also summarized in Table 2 . For the standard T6 heat treatment (sample ), the 0.2% proof stress increased significantly from 124 MPa to 227 MPa, and the fracture strain also increased from 0.14 to 0.17. In case of the two-step preheating, water quenching following the first preheating step at 560 C resulted in a super-saturated solid solution in the matrix together with the coarsening and increased globularity of the eutectic Si particles. The secondstep-preheating treatment at 350 C promoted precipitation such as 0 -and -phases (over-aging). These microstructural changes may lead to the decreases in 0.2% proof stress and tensile strength as well as the increase in fracture strain (sample ). Microstructure changes during the two-step preheating and the ECAP processing-namely, the increased globularity and homogeneous distribution of the eutectic Si particles, grain refinement, and dislocation density increase-resulted in the significant improvement of 0.2% proof stress and tensile strength (sample ). After subsequent solution treatment during the standard T6 treatment (sample ), the fracture strain increased markedly but the 0.2% proof stress and tensile strength decreased. The tensile properties after the standard T6 treatment following the ECAP processing were significantly improved (sample ). 0.2% proof stress and fracture elongation showed 251 MPa and 0.25, respectively, which were about 11% and 47% higher than those of sample (the standard T6). As shown in Fig. 12 , the morphological differences of the eutectic Si particles were scarcely recognizable between these test pieces (samples and ). However, there was a significant difference in the distribution of the eutectic Si particles. Therefore, the marked improvement of fracture strain may result from the homogeneous distribution of the globular eutectic Si particles, which may reduce localization of the accumulated plastic strain, cracking of the Si particles, and delamination between the Si particles and the matrix. 
Summary
(1) The ECAP formability of the AC4CH alloy was significantly improved by the optimum two-step preheating treatment (first preheating step at 560 C and second preheating step at 350 C). ECAP processing could be carried out more than 12 times (equivalent strain of about 5.6) without noticeable cracking.
(2) The measured hardness values around the Si particles and the size relationships among indentation, primary -Al cells, and eutectic Si particles showed that the hardness could be measured without being affected by the presence of eutectic Si particles. The hardness distribution in the primary -Al suggested that the plastic strain accumulated during the ECAP processing increased gradually toward the eutectic cell regions. In addition, the eutectic Si particle morphology had an obvious influence on the hardness of the eutectic -Al: the hardness of the eutectic -Al around the less-globular Si particles was higher than that around globular Si particles. This inhomogeneous hardness distribution, which corresponds to the difference of the accumulated plastic strain, may promote early cracking in the eutectic cell regions and deterioration of ECAP formability.
(3) Tensile properties of the sample processed successively by the two-step preheating treatment, the ECAP processing, and the standard T6 heat treatment were improved significantly. Compared with the sample treated by the standard T6 treatment, the increments of the 0.2% proof stress and the fracture strain were about 11% and 47% respectively. The increased globularity and homogeneous distribution of the eutectic Si particles may result in the reduction of the plastic strain concentration, which suppresses the cracking of Si particles and the delamination between the Si particles and the matrix. As a result, tensile properties were improved significantly. 
